UNCLASSIFIED 


AD 403 540 


l%4f ike 

DEFENSE DOCUMENTATION CENTER 

FOR 

SCIENTIFIC AND TECHNICAL INFORMATION 

CAMERON STATION. ALEXANDRIA. VIRGINIA 



UNCLASSIFIED 








NOTICE: Hhen govenment or other dravlz^gs, speci¬ 
fications or other data are used for any purpose 
other than In connection vlth a definitely related 
govenment procurenent operation, the U. S. 

Qovenment thereby Incurs no responslhlUty, nor any 
obligation iduitsoever; and the fact that the Ooven- 
nent nay have fotnolated, funlshed, or In any vay 
supplied the said drawings, specifications, or other 
data Is not to be regarded by laqpUcatlon or other¬ 
wise as In any Banner licensing the holder or any 
o^er perion or corporation, or conveying any rl|^ts 
or penlsslon to aanufacture, use or sell any 
patented Invention that aay In ax:y way be related 
thereto. 



4035 4 0 . 4035-4 0 


^>3 — 3 — V 

USMRDL-TR-62U 
27 February 1963 


lAVIORAL AROUSAL AND NEURAL ACTIVATION AS 
)IOSENSITIVE REACTIONS 


ju L. Hunt 
J. Kimeldorf 


403 540 

U.S. NAVAL RADIOLOGICAL 
DEFENSE LABORATORY 

SAN FRANCISCO 24. CALIFORNIA 



12NO. P7463 



PHySIOLOGY-PSYCHOLOGY BRANCH 
D* J* Klmeldorf, Head 


BIOLOGICAL AND MEDICAL SCIENCES DIVISION 
£. L* Alpen> Head 


ADMINISTRATIVE INFORMATION 

This work was accomplished under the Bureau of 
Medicine and Surgery Task MROOS.08-5201, Subtask 2, 
Technical Objective AW-6, as described in the U. S, 

Naval Radiological Defense Laboratory Annual Report to 
the Bureau of Medicine and Surgery (OPNAV FORM 3910-1) 
of 31 December 1962, and is listed in the U. $. Naval Ra¬ 
diological Defense Laboratory Technical I^ogram Summary 
for Fiscal Years 1963-1965 of 1 November 1962 under Pro¬ 
gram A3. Problem 3, entitled "Studies Related to Radiolo¬ 
gical Casualty Evaluation. " This study was supported 
through funds provided by the Bureau of Medicine and Sur¬ 
gery , and the Defense Atomic Support Agency under NWER 
Program A4c, Subtask 03.035. 


ACKNOWLEDGMENT 

The authors acknowledge their gratitude to Richard D. 
Phillips for his diligent technical assistance during the 
course of this study. 




Sciontifie Director 


E.B. Roth, CART USN 
Commanding Officor and Diroctor 




ABSTRACT 


In a study designed to detect pronupt reactions to ionizing radia¬ 
tion, rats were exposed to 250 kvp X rays and measurements of be- 
haviorcG. departures from sleep and of heart rate were used to Indicate 
activation of the central nervous system. Exposure at a lov dose rate 
(0.25 r/sec) produced a transitory arouseLL from sleep within the first 

a 

12 seconds (accrued dose of 3 At a higher dose rate (l «9 r/sec) 
this initlcQ^ reaction increased in scope and, by 30 seconds, included 
also ein acceleration in hecurt rate. Only animals exposed at the 
higher dose rate exhibited evidence of excitation during the residiial 
period of ejqposure to a 1,000 r total dose. Accordingly, the inten¬ 
sity of the reaction during exposure depended upon the dose rate 
rather than the total dose. A transient excitatory effect at the 
termination of exposure was indicated by the occurrence of behavioral 
wakefulness for a period of minutes following exposure at both dose 
rates. The excitatory effects of irradiation were not dependent upon 
adrenal function since adrenalectcmized animals showed a sequence of 
reactions comparable to that shown by normal animals but with longer 
latencies. Stimulation through radiosensitive mecheuiisms apart from 
the visual receptor system was indicated since ophthalmectomized ani¬ 
mals esdiibited both behavioral and hecurb rate responses within seconds 
after the start of exposure. Some possible modes for the action of 
ionizing radiation as a stimulus to the nervous system are discussed. 
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NON-TECHNICAL SUMMARY 


The Problem 

This Investigation was designed to provide Information on pronqpt 
reactions of the Intact mammalIan nervous system to low Intensity ex¬ 
posure to Ionizing radiation. 

The Findings 

X-ray exposure acts as a stimulus to the nervous system In the 
rat as evidenced by Its power to produce behavioral arousal In the 
sleeping anlmed within 12 seconds at an exposure rate of as little as 
0.2$ r/sec. With esgposure at a dose rate of 1.9 r/sec this InltlcLL 
reaction Is subsequently Increased In scope and Includes sub-cortical 
neural activation as Indicated by the presence of a change In heart 
rate by 30 seconds. Only animals exposed at the hl£^er dose rate ex¬ 
hibited evidence of excitation during the residue^, period of exposure 
to a total dose of 1,000 r. Accordingly, the intensity of reaction 
during es^osure depended upon the dose rate rather than the total 
dose. A trsmsltory excitatory effect at the termination of e:q>osure 
was eilso found. Stimulation with X rays did not depend upon adrenal 
function since adrenalectomlzed animals showed a similar sequence of 
reactions. Stimulation throu^ radiosensitive mechanisms apcurt frcm 
the visual receptor system was Indicated since blinded animals ex¬ 
hibited both behavioral and heart rate responses within seconds after 
the steurt of exposure. The probable basis for the Innedlate effect Is 
that the nervous system Is directly sensitive to Ionizing radiation. 
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lUTRODUCTION 

A wide variety of techniques have been applied to the investiga¬ 
tion of the effects of ionizing radiation on the nervous system^ par- 
ticxilarly within the last few years (1^ 2)* Only a few reactions have 
been found to indicate that the nervous system of the unanesthetized 
mamnal reacts promptly to low dose levels of exposure* 

Evidence of early reactions have been obtained from electrographic 
recordings of brain activity in rats (3> cats (5> 6) and rabbits 
(7^ 8). With radiation doses ranging from 200 to 1,000 r, both cor¬ 
tical and subcortical systems may undergo alterations in spontaneoxis 
and evoked activity during the period of exposure (8) or inmediately 
thereafter 6). Phasic alterations in excitability of the manmal- 
ian nervous system following extremely low doses of radiation have 
also been reported in various reviews of the Soviet literature (9-1^)° 
Although these alterations in central nervous system fxmction may 
reflect CN8 reactions to abscopal effects of irradiation, more direct 
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stimulation of tbe nervous system by ionizing radiation also is poss¬ 
ible. Visual stimulation by ionizing radiation under conditions of 
deurk adaptation has long been known to occur (l5>l6) and very likely 
is mediated through effects on the photochemical processes of the re¬ 
ceptor at energy levels nearly canparable to those required for stimu¬ 
lation with visible light (l7-19)« Visual sensation in the human has 
been demonstrated with "flash" exposures of less than a mllUroentgen 
(20), and retinal stimulation in infra-mammalian species has been de¬ 
monstrated (17) repeatedly (21-23) with electrophyslologiceJ. measure¬ 
ments. 

Behavioral methods have been found to be particularly sensitive 
for the demonstration of immediate CHS reactions to ionizing radia¬ 
tion. In a number of investigations, recently reviewed (24,25), radia¬ 
tion exposure has been employed as the motivating stimulus in condi¬ 
tioning several species to avoid a gustatory stimulus or to avoid 
spatial stimuli. In these studies the rat was found to be extremely 
sensitive to low dose, short duration, ^ole-body exposure (26); tbe 
motivational effect was shown to be independent of direct retinal sti¬ 
mulation (2r), and the abdominal region was found to be preferentially 
sensitive (28). It was concluded that the motivational effects of 
irradiation were probably produced throufili humoral mediation and re¬ 
sult from radiation effects produced in non-nervous tissues (24). A 
direct action of radiation on the nervous system, however, coild not 
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be ruled out. In sene invertebrates, behavioral reactions to lov in¬ 
tensity radiation have been shown to occur with latencies of only a 
few seconis following the start of expostire ( 29 - 32 ); this is suffi¬ 
ciently rapid to allow the Inference of direct stlinulatlon by ionizing 
radiation. Hug (29>30) has shown in several Invertebrate poreparatlons 
that the response latency is Inversely prc^rtlonal to the intensity 
of exposure with dose rates above 0.4r/sec. Althoue^ these rates of 
e^^sure are hl^ier than those required to produce conlltionlng in the 
nssnal, the presence of a "chronaxle'' and of a "rheobase* is consistent 
with a stinulus-like action for Imlzlng radiation. 

There is a lack of evidence in namnals for reactions with suffi¬ 
ciently short latencies to indicate direct stimulus-like action for 
ionizing radiation. The present investigation was undertaken to test 
for the presence of Imiedlate (direct) and delayed stinulus sustlons of 
X rays delivered at moderate dose rates. For this purpose, rats in 
the main series of experiments (Series l) were conditioned to sleep in 
the exposure slttiatlon and measurements were made both of behavioral 
departures frem sleep and of heart rate before, during and following 
ej^sure to a 1,000 r dose of head X rays delivered at either 0.23 or 
1.9 r/sec. The occurrence of a response in either variable Innedlately 
(within seconds) sufter the onset of esqposure would be indicative of 
direct stimulation of the nervous system by radiation. Indirect modes 
of neural stimulation, which mied>t arise frem reactions or damage in 
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abscoped systems^ would be reflected In responses made during the 
residual period of e}q>osure. 

Additional e:qperlnental series were iindertaken as a neeuis of de¬ 
termining the relative lagportance of certcdn parameters of the main 
series. To eliminate possible direct retlnad stimulation by radiation 
the animals In Series II were blinded by ccnqplete bllatereiL ophthal- 
mectcmy performed a month before the erqposure test. The animals In 
Series III were adrenalectcmlzed a week before the exposure test to 
eliminate Involvement of adrencd function In the elaboration of Irrad¬ 
iation effects found to occ\ir both during (33# 3^) and immediately 
following (33-37) exposure. In both series the animals were trained 
to sleep In the exposure situation to maintain maximum conqparablllty 
to Series I with regard to the Initial state of excitability. Since 
sensitivity to stimulation would depend upon concurrent nex*vous acti¬ 
vity, this was altered In two addltloncd series of experiments. Nor¬ 
mal animals that were not adapted to sleep In the eiqposrire situation 
were enqployed In Series IV. These animals were awake at the start of 
exposure. In Series V esqperiments the cunlmals were maintained under 
continuous restraint imposed In a manner designed to promote strugg¬ 
ling behavior and to maintain, thereby, a continuously excited state. 
In both of these series, since the animals remained awake throued^cut 
the test period, the behsnrioral measurement of departures from sleep 
was Inapplicable and only the heart rate measurement wais enployed. 
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METHODS AND PROCEDURES 


Young adult male Sprague-Davley rata bred at this Laboratory wre 
used throu^out this investigation, flable I shows the animal dis¬ 
tribution for each series by treatment group. 

The rats were confined to glass chambers for the observations 
of behavior, for remote recording of heart rate, and for eoqposure of 
animals in Series I, II, III and IV. The chamber and the procedures 
for adaptatxon used to condition sleep for Series I, II and III, and 
the general methods employed for recording heart rate In all series 
have been described previously (38). The restrednt en^loyed curing 
the exposure test In Series V was lnQ>osed by fastening each rat prone 
and spread-eagled to a 10 x 12 Inch Luclte plate. Each forelimb was 
encased In a glass tube to prevent biting at the binding that was 
used to attach each paw to a corner of the plate. To promote strugg¬ 
ling a rubber binding was used which allowed the animal uo work 
agsdnst an elastic restraint. 

A Maxltron (General Electric) X-ray unit, equipped with a lead 
shutter and operated at 230 kvp and 2^ ma. (HVL of 2.3 nn Cu), was 
used for all Irradiations. Before the start of each e:q>eriment the 
dose rate (in air) was measured at the center position within the 
test chamber (or above the restraining board) by means of thimble 
dosimetry (Vlctoreen). For exposure at the high dose rate, nominally 
1.9 r/sec, the 1,000 r dose was delivered at a distance of 37 cm In 
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9 Binutes, and In e]q>erl]iient8 involving exposure at the lov doee rate» 
nooincdJLy 0.23 r/sec, the sanie total dose vaa delivered at a distance 
of 104 cm in 67 minutes. Bach animal's actued position in the 
chamber could conceivably range up to ♦ 4.5 cm from the centerline 
position emd, correspondingly^ the dose rates could range from 1.5 
to 2.5 r/sec and trcm 0.22 to 0.28 r/sec for the high and low rate8> 
respectively. Control animals were located about 100 cm from the tube 
port behind a l/4-lnch lead plate shield but were otherwise treated 
like the e3q>osed animals. 

Since the effects of stimuli ^Icli were coincidental to exposure 
procedxires ml^t be confounded with radiation effects, special pre¬ 
cautions were instituted which would limit or control extraneous 
sources of stimulation. By means of circuit controls, background 
sounds emanating from the ventilation and water circulating systems 
were presented without interruption during the entire test session. 
Also, a heavy sound shield was placed eoround the shutter device so 
that it was not possible to detect the sound of the shutter mechanism. 
Termination of es^sure was accomplished silently by shutting off 
power to the X-ray tube idille the shutter remained open and room and 
machine noises continued. 

During the conditioning phase, the anims^-s were adapted to sleep 
in test chambers \dilch were placed in a large sound-deadened cabinet. 

A total of 40, 65-7^, and ^ hours of adaptation were in^osed in Series 
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1 , II and III> respectively, distributed over a week or nore before the 
e3q;>osure test. The last adaptation session, and 8-hour period during 
the day before eiqposure, was also used to habituate the anlaals to 
sounds associated with the exposure test. For this purpose, a magnetic 
tape recording of X-ray rocm and machine noise was played repeatedly 
through a ^-Inch speaker located directly In front of the cabinet. 

This recording was made throu^ a standard crystal mlcrqphone located 
about 18 Inches from the tube port and consisted of continuous sounds 
from the room ventilation system and the X-ray machine water circula¬ 
tion system. As an additions^, precaution, the sound from the solenold- 
actiiated shutter mechanism was also Incorporated In the recording at 
aperiodic Intervals. During the last adaptation session, the average 
heart rate value of each anlmsd. during sleep was obted.ned and the 
rank ordered values within each experiment were used. In conjunetioo 
with tables of random premutations, to assign animals to either the 
esqposure or control (lead shielded) group for the next day's test. 

Since no adaptation sessions preceded the e^qposure test In Series IF 
and V, body weight measurements were egQ>loyed for random assignment 
to treatment groups. 

A standard schedule of procedures and measurements was followed 
for all experimental runs. From k to 8 animals were studied In each 
run. After their placement In the X-ray room, i>erlodlc measurements 
of heart rate and behavior were made prior to the start of Irradiation 
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over a period of at least two hours in Series 1> II and III and of at 
least 90 minutes In Series IV and V. Bapld sequence recordings which 
yielded 2 or 3 measurements per minute on each variable for each ani¬ 
mals was steurted 3 minutes before the shutter was opened and was 
continued for 10 minutes after the start of esqposure. Intermittent 
measurements were made thereafter at ^-minute Intervals to the end of 
the first heOf-hour and then at lOwnlnute Intervals to the end of the 
2-hour test period. 

Behavioral departures frcm sleep were measured by means of a rat¬ 
ing scale. During the X-ray exposure tests the observer viewed each 
anlmsil through a leaded-glass window to the X-ray room from a distance 
which ranged from 2 to ^ meters. Mirrors were arranged to provide 
more them a single angle of view of each animal* For purposes of 
aneJyslSs a four-category sce^.e used for rating behavior was reduced 
to two categorless "inactive” (asleeps at rest) and "active" (alerts 
actlve)s which served as emplrlcetl counterpemts to the state of the 
animal ^en asleep and awake. Ccnpemlsons of ratings made slmultan* 
eously by pairs of observers during the course of several experiments 
In Series I showed that the ratings made among the three trained 
observers were hlg^ily reliable. From among k2 serless each consisting 
of 10-22 Joint conparlsonss 30 series yielded jwrcentage agreements 
above 90)( and 38 series yielded percentage agreements above 80^. 

Heart rates were ccaputed from a tedly of cardleu: cycles recorded 
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during a saagpling Interval of 9 or 10 seconds with an nccurecy of > 

1.5 beats/mlnute. Behavioral measurements were closely coordinated 
In time with measurements of heart rate. As a nrecautlon against the 
possible development of a systematic observer bias over the series of 
eiqperlments, tabulation and analysis of cdl data was delayed until the 
last series ms ccsgileted. 

For purposes of analysis^ since no differences among runs within 
series were apparent upon Inspection, the data were combined over all 
experiments within <?ach series. Statistical analysis for treatment 
effects vais nerformed on measurements made at each time point In the 
exposure test sequence. The principal method for analysis of the be¬ 
havioral data was made by the detezmlnatlon from Crow's tables (39) 
of the upper limit of the 95% confidence Interval for the proportion 
of control animals rated as "active." Siqpplementary^ tests (U0,Ul) 
were sdso enqployed. Analysis of variance techniques were applied to 
the heart rate data la designs >dilch employed the last pre-liradlatlon 
heart rate as the concomitant variable (42). This Involved either the 
analysis of variance of algebrlac changes In heart rate from pre- 
Irradlatlon values or, more frequently, the analysis of covariance 
among regression-adjusted treatment means (43-4^). 

A preliminary report of some results obtained during the first 
minute of exposvure In Series I and II has been made (46). report 

extends these findings to effects observed during and isnmdlately 
following exposure. 
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RBsimrs 


The Fre-exposure State. 

The establishment of a stable and reasonably hcmogeneous physiolo¬ 
gic and psychologic state before the start of esgposure was essential 
to the experimented, design In order that radlatlon-lnqposed ed.tera- 
tions would furnish cleeu: lJ0Q>llcatlon8. A sumnary of the data from 
measurements made during the last five minutes before the start of 
exposure Is shown In Table II. For heart rate (all series) and be¬ 
havior (Series I-IIl) ccn^eurlsons were made between measurements frcn 
the first four-minute Interval and those from the last 0.6-minute 
Interval. For this analysis, data from each animal were combined 
over adjacent sanpllng Interveds euid the mean heart rate and the 
presence of any "active" behavior rating obtained within the combined 
Interval were used. For heart rate measurements the correlation be¬ 
tween Intervals, r^ was found to be high, above + 0.79 for all 
series. This sted}lllty was not found to be dependent upon sub-group¬ 
ing by dose rate In that the F test of correlations among dose-rate 
groups yielded p > 0.29 In each series. A similar stability between 
Intervals In proportions of animals rated "active”, F(A), was found 
In Series II and III. The animals In Series I showed a slight last- 
minute trend toward the Inactive state, idilch was statistically de¬ 
tectable according to McNemar's test of correlated change in pro- 
portions oc ■ 7*20; p < 0.01 for SF ■ l). This shift towards the 
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conditioned state of sleep was equally evident anong the dose-rate 
subgroups (X^ - O.W; p > 0.70 for DF - 2). 

Prior to exposure a difference in mean heart rate was found be¬ 
tween active and inactive animal groups in Series I (Table II). 

Advantage was taken of this source of heterogeneity by subdividing 
the series, for purposes of subsequent analyses, into "initially inactive" 
and "initially active" sub-series. No special selection by "reaction types" 
was involved by this sub-division since control rate in the intlally 
active sub-series returned to sleep within minutes and were in¬ 
distinguishable thereeifter from Inltleilly inactive controls. 

Fig. 1 shows the distribution of animals by series on the heart 
rate measurement for the last pre-irradiation interval. Clearly evi¬ 
dent is the effect of the presence or absence of previous training 
and of restraint in establishing distinguishable states upon which 
irradiation was then in^osed. Among the adapted series the adnnal- 
ectcnlzed animeLLs (Series III) displayed a chronic tachycardia, but 
were otherwise indistinguishable in behavior and appearance frcn 
normal animals. 

The Initial Reactions to X-ray Exposure . 

Figure 2 simanarizes the results for the adapted normal i ■ of 
Series I that were asleep at the start of ejqposure (initially inoctlw 
sub-series). The analysis was made by dose-rate group of the relatiwe 
incidence of "active" behavior (upper) and of the change in co-variaao* 
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adjusted mean heart rate (lover) for the first sampling Interval of 
12 seconds (O.l min.) and the following 30 minutes. In this figure, 
as in all subsequent figures, the upper limit of the confidence 
Interval (x) for the behavlored. rating euid of the standard error 
limits for tlie heart rate mean (vertical marker) are shown for the 
control group. Both dose-rate groups showed equlveJenu incidences 
of eurousal within this first InterveJL (p < 0.02) unacconpanled by any 
change in heart rate. During the middle portion of the first adnute 
(0.3 min.), the group exposed at the rate of 1.9 r/sec exhibited a 
further Increase in the incidence of arousal, but now accompanied 
by a marked acceleration in heart rate. By the end of the first 
minute, this group, and also the lower dose-rate (0.25 r/sec) group, 
appeeured to have ccnpleted the Inltlcd aroustJ. reaction to exposure 
to X-rays and were returning to their trained quiescent state. 

A Bham-e3q>osure test vas made on some animals at least 30 minutes 
before the e3q>osure test to determine whether these reactions could 
be attributed to stimulus artifacts associated with the start of ex¬ 
posure. For this test the X-ray tube was turned off but all other 
stimulation conditions were the same. Fig. 3 shows the results for 
inltledly inactive animals. For the sleeping animal, procedural 
operations at the start of exposure produced no appsurent stimulation. 
The results of the sham-exposure tests in the other series indicated, 
likewise, that initial reactions to X-rays could not be attributed to 
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stimulus (urtlfacts associated with the start of exposure. 

Visual stimulation with X-rays could have occurred since these 
rats were sleeping with eyes closed and, therefore, were partially 
dark adapted. However, as shown In Fig. 4, ophthalmectanlzed rats 
(Series II) that were Initially Inactive and exposed at the higher 
dose rate of I.9 r/sec not only showed as rapid a response as slated 
animals, but also exhibited the more Intense form of reaction, which 
Involved an immediate accleratlon In heart rate. Within the first 
sanqpllng Interval the Initially Inactive blinded animals displayed 
an average Increase of 23.7 (o^^j ■ 6.8), while initially Inactive 
normal animals frcm Series I showed an average increase of only 4.3 
(3*3) beats/min. The blinded animals that were initially active 
also showed the reaction with an average Increase of 27*0 (3*2) 
beats/mln. The analysis of variance among these mean Increaises 
yielded F - 8.84 (p < 0.005 for 2 and 15 DF's). 

As may be seen In Fig. 5 adrenalectcnlzed animals that were ini¬ 
tially Inactive failed to show any reaction to ei^sure at the hl|d> 
dose rate dxirlng the first sao^llng Interval but did show evidence of 
a behavioral arousal and an acceleration In heart rate by tiie end of 
the first minute. While the reaction appears to have been delayed. 
In contradistinction to the reaction of normal rats asleep (Fig. 2) 
and qphthalmectcmlzed rats (Fig. 4), the magnitude of the response 
was at least as great. Initially active adrenalectomlzed animals that 
were ejqposed failed to show similar evidence of stimulation. 
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No clear pattern of heart rate reactions vas apparent in nomal 
animals that were not asleep at the start of exposure (initially 
active sub-groups of Series I, Fig. 6; Series Fig. 7)* However^ 
a transitory Increase in heart rate was evident during the first 
minute of ejqposure in the active, restrained group (Series V, Fig. 8). 
The Subsequent Reactions During Continued X-Ray Exposure . 

Following the Inltlel arousal reaction, the initially Inactive 
normal rats tdilch were esqposed at the lower dose rate (0.25 r/sec.) 
for 67 minutes, returned to the control level by the end of the first 
minute and showed no further evidence of wakefulness until the termina¬ 
tion of exposure. In contrast, those exposed at the higher rate 
(1.9 r/sec.) for 9 minutes continued to exhibit wakefulness throu|^out 
the residual eight minutes of exposxu^ (Fig. 2). For the period from 
2 throu£^ 9 minutes the proportion of "active" ratings in two or more 
adjacent observations was O.I7, O.I8 and O.60 for control, low and 
hi^ dose-rate groups, respectively QC^ ■ 8.98; p < 0.02 for DF - 2). 
This behavioral reaction to continued exposure was closely paralleled 
dxulng this period by the heart rate meeisurements. Only in the initlc^. 
sampling intexval of 12 seconds was there a failure of correlation 
between the two variables, nie reactions displayed during the residual 
period of e]Q>08ure, Just as during the first minute, were related to 
the dose rate since, at conparable accumulated doses, the low dose- 
rate group failed to eidiiblt any additional reactions after the first 
12-second Interval. 
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Comparable evidence for the occurrence of reactions during contin¬ 
ued exposure is even more clearly displayed in the initially active 
sub-series (Pigo 6 ) o The control and low dose-rate exposure groups 
settled to the sleep state in accordance with their previous training, 
but in contrast, the high dose-rate group exhibited upward Inflections 
at 3 xninutes ( 3^0 r) on heart rate measurements and at 4 minutes (460 r) 
on behavioral measurements o Again, as with the initieiLly inactive sub- 
series, this reaction during the residual i>eriod of exposure is re¬ 
lated to the dose-rate since the low dose-rate group failed to ex¬ 
hibit comparable doses beyond 25 minutes (375 r)« The transient be¬ 
havioral response which was exhibited by the low dose-rate group after 
10 minutes of exposure ( 15 O r) was unreliable statisticallyo Since 
animals exposed at the higher dose-rate in both sub-series of Series 
I showed evidence of excitatory effects of irradiation during contin¬ 
ued exposure these reactions were largely Independent of the state of 
the animal at the start of exposure.. 

Although ophthalmectomized animals had shown a more marked Ini¬ 
tial reaction than had normal animals, they failed to show continued 
wakefulness or a heart rate response during the residual 8 minutes of 
exposure (Pigo 9). The similarity between exposed and shielded blinded 
GUilmals during this period was marked in that in ^ out of 8 tests 
between co-varieince adjusted mean heeirt rates the F ratios were lees 
than xinltyo Adrenalectcmized rats (Fig. lO) also failed to show a 
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continuation of the initial elevation in heart rate during e3q>osure; 
vhlle in behavior they displayed only slight evidence for continued 
wakefulness. No evidence for X-ray Induced excitation was obtained 
during this Interval from heart rate measurements In normed. rats 
that were not previously conditioned to sleep (Fig. 7) oi* were 
actively restrained and in an excited state during exposure (Fig. 8). 
Response With Termination of X-ray Exposure 

Adapted normal animals exposed at the rate of 1.9 r/sec for 9 
minutes continued to displayed reactions In the period Immediately 
following termination of exposure. This occurred in both initially 
active and inactive sub-groups of Series I (Figs. 2,6). Over the 
first three measurements following exposure at the higher dose rate 
(lO to 20 min), 90^ s^nd l.y1» of the high and low dose-rate groups, 
respectively, received two or more "active" ratings (X ■ 7*16; p < 
0.01 for DF > l). By 20 minutes after the end of exposiire, the high 
dose-rate animals had returned to the quiescent state concurrently 
exhibited by the lower dose-rate group. Animeds e:q)Osed at the lower 
dose rate of 0.25 r/sec for 67 minutes also differentiedly esdilbited 
wakefulness for a short period following texmlnatlon of exposure. In 
a ccnpcurable analysis of behavior over the first three measurements 
following exposure at the lower dose rate (70 to 90 min), 87^ and 35$ 
of the low and high dose-rate groups, respectively, received two or 
more "active" ratings (X ■ 5*75; p < 0.02 for DF» l) and thereafter 
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the behavior of the low dose-rate group rapidly approached and beceme 
nearly Identical with that displayed by the higher dose-rate grcnjo. 

Ophthalmectomlzed onimalo exhibited a transient response follow¬ 
ing termination of exposure on both measures (Fig. 9)* The reaction 
was more apparent in these animals since they showed nc evidence of 
excitation during the terminal minutes of exposure. Adrenalectc-ialzed 
animals also exhibited the transient heart rate response (Fig. lO), 
although less reliably. An with their initial reactions to exposure, 
the response wan delayed in its first appearance. Non-adapted normal 
rats showed on elevation in heart rate, absent during the tennlnal 
minutes of exposure, which appeared immediately following termination 
of exposure and was still present at 30 mlnut»»n (Fig. 7)* Only in 
restrained, excited animals (Fig. 8) was there a lack of response 
with the termination of irradiation* 

DI8CUBSI0N 

It is evident that ionizing radiation cem act in a manner quite 
analogous to a stimulus in that it elicits an eurousal reaction from 
sleep. Obseirvations under sham exposure conditions demonstrated that 
this reaction could not be attributed to stimulus artifacts associated 
with the procedure of exposure. Radiation was effective during the 
sleep state; a condition in which the animal is considered to be 
relatively insensitive to stimulation (^^7-^9). Arousal froa sleen _ 
depends upon the relatively slow facilitation (amplification) 
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mechanisms of the ascending portions of the extra-lemnlseal (reticular) 
system of Magoun ( 50 ,5l)* Since behavioral euid heart rate measurements 
reflect terminal events in slow effector systems, the neurophysiologic 
events Initiated by X-ray exposure must have occurred very early 
within the first sampling Interval of 12 seconds, nie rapid appearance 
of an arousal reaction following the start of exposure to X rays tends 
to rule out stimulation throu^^ abscoped. effects at sites remote from 
nervous tissue, but Is consistent with the thesis that Ionizing radia¬ 
tion can stimulate the nervous system directly. 

The Intensity of the Initial reactions was dependent upon the 
dose-rate of exposure* Exposure at the dose rate of 0.25 r/sec elicited 
only a mild, transient arousal reaction, \diereas a dose rate of 1.9 
r/sec produced a reaction \diich was sustained longer, affected more 
animals, and Involved additional sub-cortical regions as reflected by 
the acceleration In heart rate. The more Intense form of the reaction 
was not dependent upon total e 3 q) 08 ure dose, since It was absent in the 
low-intensity exposure group at con^arable accumulated doses. 

The arousal response appears to be a very sensitive reaction to 
X-ray stimulation. The doses accumulated by the end of the first in¬ 
terval of 12 seconds were 3 and 23 r, respectively, for the low and 
high exposure Intensities. This Initial reaction to X-ray stimulation 
In the rat, both in latency Guid In radlosensltlvlty. Is comparable to 
the most sensitive of the many reflex-like responses found to occur 
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In invertebrates (29>30). Detection of stimulation in the present 
study iBf of course, dependent upon the concurrent state of the ani¬ 
mal. The effects were not dependent in any single manner upon the 
state of the nervous system during sleep, since reactions were also 
observed in restrained animals and in Initlcdly active ophthalmecto- 
mized animals. 

Although X rays act in the manner of a stimulus, its mode of 
action is less certain. There is no known specific "radiation re¬ 
ceptor", and only the vlsucd (photo-phemlcal) receptor system has been 
shown to be sensitive to ionizing radiation at energy levels at all 
ccnqparable to those for the adequate stimulus of light (l8,19). Many 
of the pron 5 )t behavioral responses by invertebrates to Icmizlng irrad¬ 
iation are of a form normally elicited by light ( 29 , 30 , 3 S» 52 ) and 
therefore may be produced throu^ stlnailatlon of idioto-chemical sys¬ 
tems. In the mammal, EEG responses have been reported to occur 
immediately following the start of Irradiation (53)t even within the 

/ 60x 

first second during gamma-ray (Co ) exposure of rabbits at dose rates 
of 2.5 r/sec or more (5^). However, these measurements mlc^t reflect 
the central effects of retinal stimulation since the visual system was 
Intact and no tests of possible direct visual stlmulaticxi by radlatlOD 
were in^osed. 

The extent to \Ailch X-ray stimulation of the visual system In 
normal animals may play a role In the present observations has not 
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been determined. Asleep and vlth eyes closed^ the rats in Series I 
were at least partially dark adapted, so that e:q>osure, even at the 
low intensity of 0.25 r/sec, may have elicited a response to visual 
stimulation. However, visual stimulation, although possibly present, 
cannot account for all initial reactions, since similarly trained 
animals without retinas exhibited the Intense form of eurousal within 
the first interval of 12 seconds at the intensity of 1.9 r/sec. 

The pattern of initial reactions in blinded rats furnishes a 
comparison of Interest with the reaction pattern in sighted auiimals. 
Although exposed at the same intensity, the Initial reaction by 
blinded rats Involved cardiac acceleration, which was absent in the 
normal animat], at the eaurllest test point. The initial absence of a 
catrdlac response in sighted rats could result if visual stimulation 
exerted a transient inhibitory effect on the excitability of the 
reticulAT system to the non-visual mode(s) of X-ray stimulation. 

Such cortlcofugal inhibitory systems have been Invoked to account both 
for "gating" of sensory Influx to the CMS (55-58) and selective atten¬ 
tion ( 51 ). Specifically, Wada (59) has demonstrated inhibitory effects 
of retinal stimulation at various sub-cortical sites, including the 
hypothalamus. In the present study, sensory deprivation, limited to 
the visual mode, could results in release frcm cortical Inhibition and 
produce thereby greater excitability through non-visual mode(s) of 
stimulation. 
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The non-visual Dode(8) for stimulation by X rays, ais demonstrated 
In blind emimals, can <sily be conjectured. However, sone non-visual 
receptor systems can be reasonably eliminated as possible modes. 

Tobias, ^ al (6o), have demonstrated a standard blink reflex In the 
rabbit In which the radiation by heavy Ions was limited to the comeal 
layer containing fibers endings. The threshold Intensity for this 
response system was lOpOOO rad in a 2 msec pulse, which Is several 
million times greater than that required In the present study. Be- 
ceptor systems which Involve spike generation In beure fibers, without 
pre-synaptic receptor an^llflcation for the generation of "receptor 
potentials" (6l), mlg^t be expected to show a similar level of sensi¬ 
tivity to lonlaing radiation. This could conceivably exclude frcm 
consideration many sensory systems, including pain, touch, possibly 
skin teaqserature (62), and, perhaps, many mecbanoreceptors. Receptors 
more likely to be directly stimulated by Ionizing radiation would be 
those chemoreceptors which Involve radiosensitive biochemical systeau 
at the transduction or early aiiq>llficatlon stages of receptor function. 
This would occur In a manner analogous to that suggested by Llpeta 
( 19 ) to be the case for the jdiotochemlcsil receptor processes In tlie 
retina. Indirect evidence for non-vlsual, chemoreceptor sensitivity 
Is provided by the presence in some Invertebrates, e.g. the ant, of 
responses to Irradiation which normally are elicited by chemical 
stimuli ( 30 ). 
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The radiation stimulua action need not be limited to sensory 
systems but could Involve alterations of synaptic Junctions as veil. 
Long ago, Toyama (63) made such a proposal In his Investigations of 
cardiovascular effects with Irradiation of peripheral and central 
ganglia. Several theories for direct nervous system effects have 
been advanced recently. As an extension of an enzyme-release theory 
(64)^ the rapid release or liberation of neurohormones, particularly 
amines, vas proposed by Brinkman (65) to account for prompt reactions. 
These substances could conceivably stimulate the CNS secondarily 
through effects on peripheral systems. This indirect process of sti¬ 
mulation, however, would be unlikely to occur with sufficient rapidity 
to produce the relatively slow reaction of arousal within 12 seconds 
following the start of e:q>osure. However, labile forms of several 
amines, including serotonin, are present in the brain with the highest 
concentrations found in the hypothalamus and reticular foxmation (66). 
The adrenergic components of the reticular system are directly sensi¬ 
tive to a number of catecholamines (67) whether originating peripheral¬ 
ly from post-ganglionic sympathetic effector sites (68) and the adrenal 
medulla (69,70), or from 1oc€lL release within the brain stem (68,71)* 
Accordingly, radiation-induced neurohormonal release from neuro¬ 
vesicles located in synaptic regions in brain tissue could occur 
immediately and thus effect central activity. Several mechanisms for 
direct alterations in cell membranes by irradiation have also been 
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proposed for neural stimulation. Both the direct electrical effect on the 
membrane potential by ion fonnatlon (31«72) and the effect of lonlsa- 
ti<»i on metabolic processes (65,73 especially the "sodlum-piaq)''/ 
have been suggested for high-intensity radiation effects. Hug has 
proposed (31) that irradiation at low intensities may directly, and 
reversibly, affect the macromolecular layers of the membrane or, 
alternatively, that neurochemical processes are effected which then 
act physiologically on the cell membrane. 

It is conceivable that penetrating Ionizing radiation acts in 
the mainner of a "distributed stimulus" In that the energy transfer 
with irradiation occurs nearly instantaneously throughout large 
mausses of nervous tissue. Its effectiveness as a distributed stimu¬ 
lus may depend upon differential density of sensitive structures, the 
functioned, orgamizatlon, and ad.so the momentary state of excitability 
of those portions of the nervous system that are exposed. The aurousal 
reaustions to radiation au:e similar to the mild reactlcxis that accom¬ 
pany spontauieous arousad. from sleep, auxd that au:« normadly associated 
with relatively slight changes in the tonic, autochthonous au:tlvlty 
of the reticular system (68). Minute ed.teratlons Induced by radiation 
in each of a great mamy synaptic regions, as postulated by a volume 
stimulus c(xiceptuallzation, could produce similar disturbances. De¬ 
tection of the disturbance would depend upon the reticular system 
facilitating (amplifying) the consequences of the initial effect. 
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Volume effects in other ganglia^ both central and peripheral^ might 
also produce alterations in Influx to the reticular system through its 
manifold connections (75t7^) and> thereby, produce prompt activation 
of the CNS euid behavioral arousal. 

The action of radiation vhlch produced the initial activation 
may be expected to continue with the continuation of exposure. How¬ 
ever, other sources of stimulation could arise and coo^llcate the 
pattern of both behavioral euid heeurt rate responses over time. Such 
sources of stimulation may Include the effects of irradiation on 
peripheral systems, pcurticularly in smooth muscles (30>3l)> in the 
gastrointestinal system (33»77)» and from the diffuse release of 
neurohormones (64,65) and various toxic substances from injui^ cells 
(21,64,73,79). Immediately following a 4 to U-minute exposure (200r, 
40Or) of cats, Gangloff and Haley (5) shoved that changes in cortical 
and sub-cortical electrographic measurements occurred in correspond¬ 
ence to alterations in behavior. More recently, Gangloff (8) reported 
that the rate of hippocampal spiking was altered in the rabbit during 
exposure of the head to 400r. In the present study, continued activa¬ 
tion in adapted animals during ejqposure at the high dose rate very 
likely reflects the effect of these addltloned sources of stimulation. 

A short period of excitation followed the termination of ex¬ 
posure to the lethsJ., 1,000 r dose in all series except that \dilch 
Involved restrained animals. As displayed in the behavior of adapted 
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normal animals, excitation occxirred following ejqwsure at both 
dose rates. Groups in which excitatory effects were not displayed 
during the last minutes of exposure exhibited this reaction as a 
distinct transitory response In behavior and/or heart rate In the 
immediate post-exposure period. Although this reaction may reflect 
an "off" phenomenon, possibly associated with a release from an 
Inhibition induced during exposure. It may also be related to the 
Injurious effects of the accumulated e^qposure dose. 

SUMMBY 

Whole-body e:^K>8ure to 250 kvp X rays was found to have an 
Immediate stimulative effect on the nervous system of the adapted, 
\inanesthetlzed adult rat. Exposure at a low dose rate (0.25 r/sec) 
produced a transitory arouseOL from sleep within the first 12 seconds 
(accrued dose of 3 r). At a hlgh^z' dose rate (1.9 r/sec) this Ini¬ 
tial reaction Increased in acope and, by 30 seconds, included also 
an acceleration in heart rate as well. Only animals e]q>osed at 
the higher dose rate ejdilblted evidence of excitation during the 
residual period of exposure to a 1,000 r total dose. Accordingly, 
the Intensity of the reaction during e3q)osure depended upon the dose 
rate rather than the total dose. A transient excitatory effect at 
the tennlnatlon of exposure was Indicated by the occurrence of be¬ 
havioral wakefulness for a period of minutes following expos\ire at 
both dose rates. The excitatory effects of Irradiation were not 
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dependent upon edrenal function since adrenalectonlced anlaals 
showed a sequence of reactions comparable to that shown by noacnal 
animals but vlth longer latencies. Stimulation through radio¬ 
sensitive mechanisms apart from the visual receptor system was 
Indicated since ophthalmectomlzed animals exhibited both behavioral 
and heart rate responses within seconds after the start of exposure. 
Some possible modes for the action of Ionizing radiation as a 
stimulus to the nervous system are discussed. 
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FIG. 1. Distribution of rats on heart rate measurements (beats/min.) 
made during the last pre-irradiation intexveJ. (-0.6 to 0.0 min.) by 
dose-rate groig>s within each series. 
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MINUTES FROM START OF EXPOSURE 


FlO* 2. Alterations after the start of exposure to X rays In the 
relative Incidence of active behavior (upper) and mean heart rate 
(lower) In initially inactive rats (Series l). Mean heart rates were 
adjusted in co-variance euialysls and graphed as the difference value 
from the pooled pre-irradiation mean. The upper 95^ confidence inter¬ 
val limit on behavior (x) and the standard error limits on heart rate 
(vertical marker) are indicated for the control grovip. 
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OF SHAM EXPOSURE 


■ i.9r/SEC(ii) 
o 0.25r/SEC(6) 
-CONTROLS (10) 


FIG. 3* Behavior and heart rate responses during the sham-e;q>osure 
test In Initially Inactive rats (Series l). Figure notations as 
In Fig. 2. 


29 





-18 6 30 54 

SECONDS FROM START 
OF EXPOSURE 


FIG* Inmedlate cheuiges in the relative Incidence of active be¬ 
havior (vgn>er) and nean heart rate (lover) In Initially Inactive 
rata that were subjected to bllater^ ophthalmectcsiy a month before 
the exposure test (Series 11)• Figure notations as In Flg< 2. 
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■ 1.9r/SEC (5) 

-CONTROLS (5) 

* INTERPOLATED 
VALUE 


SECONDS FROM START 
OF EXPOSURE 


FIG* Immediate changes in the relative incidence of active be¬ 
havior (upper) and mean heart rate (lower) in initially inactive 
rats that were subjected to bilateral adrenalectomy a week before 
the exposixre test (Series III)* Figure notations as in Fig* 2* 


31 







FIO. 7 Alterations in meeui heart rate in non>adapted rats follow¬ 
ing the start of exposure to X rays (Series IV). All animals were 
rated as active at the start of exposure. Figure notations as in 
Pig. 2. 
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MINUTES FROM START OF EXPOSURE 


F10< 8 Alterations in mestn heart rate In non-etdapted^ restrained 
rats following the start of eaqposure to X rays (Series V). Figure 
notations as in Fig> 2. 






MINUTES FROM START OF EXPOSURE 


FIG. 9. Alterations after the start of exposure to X rays in the 
relative incidence of active behavior and mean hesirt rate in 
ophthalmectomized^ euiapted rats (Series II). Figure notations 
as in Fig. 2. 
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MINUTES FROM START OF EXPOSURE 


FIG. 10. Alterations after the start of exposure to X rays in the 
relative incidence of active behavior and mean heart rate in 
adrenalectomized, adapted rats (Series III). Figure notations as 
in Fig. 2. 
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The average product-moment correlaticm (within dose-rate groups) of heart rate between pre-irradiation 
intervals (-3.0 and -0.3). 

'proportion of N rated ACTIVE. 
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